The trace polar species present in diesel were investigated by combining selective ionization with high resolution mass spectrometry. To eliminate matrix effects, the polar fraction was extracted using methanol and direct infusion with electrospray ionization and mass analysis were performed. The advantages and limitations of time-of-flight mass spectrometry and Fourier transform ion cyclotron resonance mass spectrometry for diesel analysis were discussed.
Introduction
Ultra high resolution mass spectrometry is often used for the analysis of crude oil and other petroleum derived fuels (e.g. heavy fuel oil) in petroleomics [1] [2] [3] [4] [5] [6] [7] . Fourier transform ion cyclotron resonance mass spectrometry (FT-ICRMS) is most commonly used, due to its high resolving power [8] [9] [10] . By employing selective ionization techniques, the in depth characterization of different species (or compound classes) of the crude oil is possible. For example, electrospray ionization (ESI) can be used to analyze polar species (e.g. acidic species readily form negative ions) 11, 12 , whilst atmospheric pressure chemical ionization (APCI) can be used to analyze less polarizable species, such as polycyclic aromatic species 13 . Non-polar species such as alkanes are not ionized during ESI, making this a selective ionization technique 12 .
ESI combined with quadrupole mass spectrometry has been used for the investigation of diesel samples with a focus on results from negative ion mass spectra [14] [15] [16] . Selective ionization combined with ultra-high resolution mass spectrometry is not often used for the analysis of middle distillate fractions such as diesel and only a limited number of examples can be found in literature [17] [18] [19] . This is mainly due to the fact that these fuels are highly suitable for gas chromatographic analysis considering its boiling point range (180 -320 °C).
Comprehensive two dimensional gas chromatography (GC×GC) is ideal for the analysis of diesel, since high peak capacities (in terms of chromatographic separation) can be obtained 20, 21 .
Furthermore, GC×GC is often combined with electron impact ionization and time of flight mass spectrometry (TOFMS), which provides an additional dimension of chemical information. The bulk composition of diesel can easily be determined by GC×GC, since a characteristic pattern is observed in the resulting two-dimensional chromatogram 20 . It is also possible to characterize trace components present in diesel using GC×GC-TOFMS, although specialized data processing algorithms are necessary 22, 23 . Detection of trace polar species may be troublesome and derivatization techniques 24 and/or selective detection 25 need to be employed.
Nevertheless, the characterization of trace polar species present in diesel is important, since these species contribute significantly to the physical properties of the fuel, including lubricity and stability [26] [27] [28] . This work shows how complementary information can be obtained from different analytical techniques with the objective to elucidate the composition of trace polar species in diesel. Methanol extracts of diesel samples were analyzed using ESI combined with ultra-high resolution FT-ICRMS and high resolution TOFMS. Diesel samples were also analyzed by combining gas chromatographic separation with APCI and ultra-high resolution mass analysis (GC-APCI-FT-ICRMS), which has previously been used to study environmental samples 29 .
Experimental Section
Four reference fuels were obtained from Haltermann GmbH (Germany) and Petrochem Carless (Belgium). These fuels were produced by blending refining streams in order to comply with the standard specifications of Europe (EN590), Sweden (Swedish MK1), USA (US 2-D) and
California (California) respectively. Nine commercial diesels were bought from fuel stations in and around the Pretoria area in South Africa, i.e. from different suppliers in the same region.
These commercial diesels will be referred to as commercial diesel X (CDX), where 1 ≤ X ≤ 9.
Two different diesel fuel grades were available at this time and are referred to as 50 ppm diesel or 500 ppm diesel (containing a maximum of 50 mg/kg or 500 mg/kg Sulphur respectively). All the commercial diesels were 50 ppm fuels except for CD8 and CD9 which were 500 ppm fuels.
Solvents used were methanol (Romil-UpS TM Ultra Gradient for HPLC-MS, > 99.9 %), toluene (Sigma Aldrich Chromasolv ® Plus for HPLC, ≥ 99.9 %) and acetonitrile (Romil-UpS TM Ultra Gradient for HPLC-MS, > 99.9 %).
The polar fraction of each diesel was extracted by mixing 1 ml of fuel with 2 ml of methanol.
The methanol phase (top layer) was removed and diluted 1:3 (v/v) with acetonitrile for analysis by ESI-TOFMS. The methanol phase was diluted 1:10 (v/v) with methanol for analysis by ESI-FT-ICRMS. For analysis with GC-APCI-FT-ICRMS the neat fuel was diluted 1:10 (v/v) with a mixture of methanol and toluene (50:50), and this solution was further diluted 1:1 (v/v) with methanol.
ESI-FT-ICRMS. A Solarix FTICR MS system (Bruker Daltonics GmbH, Bremen, Germany)
equipped with a 7 T magnet was used to analyze the samples. Bruker Compass Data Analysis 4.0 SP 5 software package (Bruker Daltonics GmbH, Bremen, Germany) was used to process acquired data. For the collection of positive ion mass spectra, samples were infused at a flow rate of 2.5 μl/min. A voltage of +4 kV was applied between the capillary and inlet. The desolvation temperature was 300 °C. For the collection of negative ion mass spectra, samples were infused at a flow rate of 5 μl/min. A voltage of -3 kV was applied between the capillary and inlet. The desolvation temperature was 200 °C. Collision induced dissociation (CID) was necessary to eliminate/minimize the formation of dimers. In source CID was set to 45 V, whilst quadrupole CID was set to 20 V. Mass to charge ratios (m/z) between 100 and 1000 Da were recorded and 200 mass spectral scans were combined. Transient length per spectra was set to 0.490 s corresponding to one million data points (1M) and resulting in a resolution of roughly 150 000 @ m/z 200 FWHM (full width at half maximum). Total time of analysis was 2.5 minutes per sample.
An external calibration of the m/z scale was performed using arginine and its oligomeric clusters. Internal calibration was performed using a set of mass spectral peaks that were present in each of the samples and covered the mass range where peaks originating from diesel components were expected (Supplementary material, Table S1 ). Each of the samples was analyzed in triplicate.
Elemental compositions were assigned to mass spectral peaks with a signal-to-noise ratio (S/N) above six. Both odd and even electron configurations were allowed, with a double bond equivalent (DBE) range of -1.5 to 30 and mass accuracy was specified to be within 1 ppm. The following limits were applied to the range of atoms allowed: 0 -50 C; 0 -100 H; 0 -2 N; 0 -5 6 O, 0 -5 S. For positive ion mass spectra, 0 -1 Na atoms were also included to account for the formation of adducts.
ESI-TOFMS.
A Synapt G2 HDMS system (Waters Inc., Milford, Massachusetts, USA) was used to analyze the samples. MassLynx TM (version 4.1) software (Waters Inc., Milford, Massachusetts, USA) was used to acquire and process data. The samples were infused at a flow rate of 5 μl/min. Capillary voltages of +4 kV and -2.5 kV were used to collect positive and negative ions respectively. The sampling cone was set to 40 V whilst the extraction cone was set to 5 V. The source temperature was 120 °C and the desolvation temperature was 300 °C. Elemental compositions were assigned to mass spectral peaks with an absolute intensity above 3000. This arbitrary value was chosen based on close inspection of noise levels in the raw mass spectra. To predict elemental compositions the same limits were applied as for data obtained with ESI-FTICRMS, with the exception of mass accuracy, where a limit of 5 ppm was specified.
GC-APCI-FT-ICRMS. An Apex Qe Series II FTICR MS system (Bruker Daltonics,
Billerica, MA, USA / Bruker Daltonics GmbH, Bremen, Germany) equipped with a 7 T magnet was used to analyze the samples. Bruker Compass Data Analysis 4.0 SP 5 software package (Bruker Daltonics GmbH, Bremen, Germany) was used to process acquired data. Separation was performed using a CP 3800 gas chromatograph (Agilent, former Varian Technologies, Palo Alto, CA, USA) equipped with a PTV (programmed temperature vaporizing) injector. 1 μl of the sample was placed into the ChromatoProbe device and inserted into the injector. The injector temperature was kept at 50 °C for 1 minute, heated at 10 °C/min to 80 °C and then heated at 60 °C/min to 320 °C, where it was kept for 20 minutes. A split ratio of 1:2 was utilized. Helium was used as carrier gas at a constant flow rate of 10 ml/min. A BPX5 column (SGE Analytical Science, Australia), 15 m × 250 µm d c × 0.10 µm d f , was used. The column oven temperature was kept at 50 °C for 5 minutes, ramped at 5°C/min to 200 °C, then ramped at 10 °C/min to 250 °C, and finally ramped at 20 °C/min to 330 °C where it was kept for 8 minutes. The transfer line was kept at 320 °C. Total time of analysis was 52 minutes per sample.
The APCI source was adapted in order to ionize species in the gas phase 30 . The capillary voltage was -2 kV and a current of 3μA was applied to the corona needle. The APCI temperature was 320 °C. In source CID was set to 30 V in order to eliminate/minimize the formation of dimers/adducts. Mass to charge ratios (m/z) between 120 and 1000 Da were recorded. Transient length per spectra was set to 1.15 s corresponding to two million data points (2M) resulting in a resolving power of roughly 340 000 @ m/z 200 and a scan frequency of 0.8 Hz. Internal calibration was performed using the same set of peaks used for data obtained with ESI-FT-
ICRMS.
Elemental compositions were assigned to mass spectral peaks with a signal-to-noise ratio (S/N) above six. Both odd and even electron configurations were allowed, with a DBE range of -1.5 to 30 and mass accuracy specified to be within 1 ppm. The following limits were applied to the range of atoms allowed: 0 -50 C; 0 -100 H; 0 -2 N; 0 -5 O, 0 -5 S, 0 -5 Si. Initially the mass spectra collected throughout the GC run were combined and processed. Retention time resolved data analysis was also applied in order to incorporate information obtained from the GC separation.
Data processing. The mass spectral data was processed based on a procedure described in literature 31 . To our knowledge this approach has not been applied very often in literature, but it is especially useful when data is obtained from instruments with limited resolving power. Kendrick mass defects (KMDs) 32 formula was assigned to each subclass (homologous series) based on the most frequent general formula assigned to each of the peaks thereof. By doing this, incorrect assignments (especially at higher masses) could be eliminated, to a certain extent, in cases where limited resolving power was available. Furthermore, elemental compositions could be assigned to some species that were originally unassigned (given that the new assignment had a mass accuracy of ± 5 ppm). The intensities of species were normalized to total intensity of peaks for which elemental compositions were assigned. Note that peaks representing compounds containing 13 C isotopes were removed before normalization.
The relative intensities of all the mass spectral peaks (quasi-molecular ions) in a homologous series were summed to get the composition of each sample in terms of subclasses of ions. This information was then summarized further by considering only the heteroatom content to obtain the composition in terms of classes of ions, e.g. CH and CHO X (where 1 ≤ X ≤ 5). For samples analyzed in triplicate, the average sample composition was determined by considering only species (based on assigned formulae) that were present in at least two of the three replicates, therefore eliminating noise and/or incorrectly assigned peaks.
Time-resolved data analysis was performed for the GC-APCI-FT-ICRMS data. Automatic Kováts-Index 35, 36 .
Results and Discussion
Comparison of analytical techniques. The positive ion mass spectra obtained for commercial diesel 5 (CD5) from the different techniques are shown in Figure 1 . CD5 was selected to illustrate results since it represents the sample set well. The mass spectrum in Figure 1c was obtained by averaging the mass spectral scans collected throughout the GC run. Different distributions were obtained, which can be attributed to several factors. The geometry of the This could indicate that comparable mass accuracies were obtained with the different analyzers despite the significant difference in their resolving power. Closer inspection of these plots reveal that less variation in the KMD-values (for a specific homologous row) was observed with FT-ICRMS, especially at higher masses (i.e. m/z > 350). To investigate this further, the mass resolution and mass accuracy of the analyses with ESI-TOFMS and ESI-FT-ICRMS were compared by investigating the raw mass spectra at low and high m/z values in Figure 2 . Even though the resolving power of TOFMS is not comparable to that of FT-ICRMS, m/z values could still be measured accurately given that the sample complexity is limited. Here, the distinction between mass accuracy and mass resolution is important, i.e. if a mixture is not too complex and mass spectral peaks do not overlap, the m/z ratio can be measured accurately. The accuracy of determining the centroid of a peak is not influenced by the peak width, although less peak overlap will be observed for narrower peaks (this is evident for higher masses).
At lower m/z values, similar species were observed with both analyzers, and for the m/z window shown in Figure 2 Table 1 . Values were determined after data processing methods (used for the assignment of peaks to subclasses and classes) were applied to the respective data sets (see it is also clear that the complexity of diesel is not comparable to that of crude oil or heavier distillates since up to 15 peaks per nominal mass have been detected in crude oil 33 and asphaltene fractions 11 . The results showed that high resolution TOFMS may be sufficient for the analysis of diesel samples, but this may not be the case for more complex samples such as crude oil where higher resolving power is needed to resolve the multiplets at high m/z values.
The mean DBE values shows that positive ions detected with ESI-MS were more unsaturated than negative ions detected with ESI-MS and positive ions detected with APCI-MS. This correlates with the mean hydrogen to carbon ratios (H/C). Acidic O-containing species readily form negative ions during electrospray, and especially the ESI-TOFMS results seem to indicate that these species are more saturated than the basic N-containing species that readily form positive ions during electrospray (see Table 1 ). For the ESI-FT-ICRMS results the discrepancy between the mean DBE values for positive and negative spectra was less pronounced, but .
inspection of data shown later ( Figure 5 ) reveals that the CHN 1 class contains less saturated species than the CHO 2 class. Species containing no heteroatoms were more readily ionized with APCI as expected and these species make up 53 % of the total ion intensity. Besides the fact that APCI has a high selectivity for polycyclic hydrocarbons, the results also reflect that the sample was only diluted and methanol extraction of polar species was not performed prior to analysis (see Supporting material, Figure S1 ). The different species observed with ESI and APCI also explains the discrepancy between the Kendrick plots in Figure 1 .
ESI-FT-ICRMS results. Each of the samples was analyzed in triplicate using ESI-FT-
ICRMS. Ternary plots may be used to represent the components of a mixture on three axes, limiting all the possible combinations of these components to the space within a triangle. The position of a point in the triangle represents the composition of a mixture, and therefore points that are close to one another represent mixtures with similar compositions. Ternary plots were used to illustrate the sample composition in terms of classes and to investigate the repeatability (Figure 3 ), since the ion intensities were normalized in terms of total composition (i.e. total In order to investigate the sample compositions in more detail, the average relative intensities (n = 3) of the most abundant classes were determined for the different samples and are shown in Figure 4 . Although only the major ion classes are shown in Figure 4 and discussed here, other ion classes (e.g. CHN 2 ) were also observed during analyses. Each of the classes represented here was selected based on the fact that they were one of the three most abundant classes in at least one of the samples. The sample composition can be investigated further by considering the DBE distribution for each class. The results obtained for CD5 are shown in Figure 5 and represents the mean values observed for the three replicates. For the positive ion mass spectrum (Figure 5a ), the CHN 1 class has DBE values ranging from 0.5 to 18.5, which represents quasi-molecular ions of compounds containing between 1 and 19 double bonds and/or rings. The DBE distribution of this class follows a pattern that can be expected for a mixture obtained by isolating a specific distillation fraction, indicating that these species form part of the inherent fuel composition and do not represent additives that were added to comply with fuel specifications. The other classes were not nearly as abundant as the CHN 1 class. The CHN 1 class was preferentially ionized by ESI+ and therefore simultaneously may have suppressed ionization of other classes. The distributions of the other classes also suggest that they most likely form part of the inherent fuel composition. It is interesting to note that both CHN 1 and CHO 2 classes (among others) were observed in both positive and negative ion mass spectra, but their distributions are not the same. This may indicate that these species are amphiprotic to a certain extent (if similar DBE distributions were observed). In cases where the DBE distributions differ significantly (for positive and negative ion mass spectra) it is possible that compounds with different functional groups were detected.
Structural differences may cause compounds with the same general formula to form either positive or negative ions, e.g. carboxylic acids will readily form negative ions whilst esters will more likely form positive ions even though both species belong to the CHO 2 class.
GC-APCI-FT-ICRMS results.
Initially the mass spectra collected throughout each of the GC-APCI-FT-ICRMS analyses were combined to obtain one mass spectrum for each sample.
The major class detected for the reference diesels consisted of hydrocarbons without any heteroatoms (CH class), whilst the CHO 1 class was relatively more abundant for the reference diesels ( Figure 6a ). This analytical technique provides information that is complementary to the results obtained from ESI-FT-ICRMS and ESI-TOFMS. Separation by GC minimizes matrix effects which may cause ionization suppression and therefore methanol extraction was not necessary. Furthermore, other classes were observed in the positive ion mass spectra as a result of the different ionization method. This may also be due to the fact that unsaturated hydrocarbon species (CH class) may not be extracted as efficiently as other classes with methanol (see Supporting material, Figure S1 ).
The DBE distributions of the classes of CD5 are shown in Figure 6b . The results indicate that these species form part of the inherent fuel composition, based on the pattern of the DBE distribution as discussed before. Based on the DBE values, the CH class consists of species with 3 to 13 double bonds and/or rings, therefore mostly representing alkylated rows of aromatic species. The CHO 1 and CHO 2 classes contain species that are slightly more saturated. These classes may represent species with several different functional groups and therefore structural information is necessary, which was disregarded by combining the mass spectra acquired throughout each analysis. Retention time resolved data analysis was performed on the GC-APCI-FT-ICRMS data (similar to procedures used in conventional GC-MS) in order to incorporate the structural information obtained by gas chromatographic pre-separation. Figure 7 shows the results obtained for CD5, where each spot represents a deconvoluted mass spectral peak (features detected during data processing). between the two dimensions 41 . In Figure 7a a linear association exists between the m/z and KI values, since the mechanism of separation was based on vapor pressure. This means that the system is not orthogonal.
By considering the KMD values for each of the species against retention time (Figure 7b ), the peaks are distributed throughout the two-dimensional space, resulting in an orthogonal system.
Subclasses are grouped together in a single horizontal line and the resulting plot resembles a conventional Kendrick plot where the x-axis is based on nominal mass rather than vapor pressure ( Figure 1 ). The main advantage is that structural information obtained from the GC separation is incorporated in the x-axis. Some of the major classes (and their respective subclasses) have been labelled. The species that were highlighted in Figure 7a are now present in a single horizontal line. The most abundant subclass is -1O 1 (with a DBE value of 1.5) which corresponds to the results shown for the combined mass spectral results (Figure 6b ). performed. These results also show that GC pre-separation increases the amount of information obtained, even though much longer analysis times are required.
Conclusions
This work shows that it is possible to analyze the trace polar species present in diesel by employing selective ionization techniques combined with high resolution mass spectrometry. CHN 1 and CHO 2 species tend to form positive and negative ions respectively during ESI-MS, whilst CH species were predominantly observed during APCI-MS.
Complementary information was obtained from two different mass analyzers. It is suggested that high resolution TOFMS may be sufficient for the analysis of middle distillates and may be especially useful for the characterization of lighter distillation fractions such as gasoline, although it will not be suitable for highly complex samples such as crude oil which contain higher mass compounds. The main advantage of TOFMS is that the ion transmission is unbiased, whilst the main advantage of FT-ICRMS is its unsurpassed resolving power.
Results indicate that species from the inherent fuel composition tend to form positive ions (during both ESI and APCI), whilst additives tend to form negative ions. Furthermore, the positive ion mass spectra tend to be more complex compared to the negative ion mass spectra.
The combination of GC with APCI-FT-ICRMS provides information regarding the structural features of isobaric compounds. This multidimensional information can be visualized by using a variation of the traditional Kendrick plot, where GC retention times are used instead of nominal mass values on the x-axis.
Supporting material. Mass spectral peaks that were used for internal calibration of FT-ICRMS data. Specific parameter settings used in FT-ICRMS experiments that may influence ion transmission. Additional results comparing the distribution of classes obtained when diluted fuels and methanol extracts were analyzed with ESI and APCI. This material is available free of charge via the Internet at http://pubs.acs.org. 
